Single crystal samples were subjected to different surface compressive finishing conditions on [001] oriented surfaces. The initial surface residual compressive stresses were determined to be 901, 635 and 0 MPa, respectively. Isothermal oxidation in ambient atmosphere at 1573 and 1273 K resulted in a reduction of oxide scale thickness and a change of primary oxides from nickel oxide to alumina on deformed surface. Such result can be attributed to the increased diffusivity of aluminum beneath the deformed surface at high temperatures.
Introduction
Single crystal nickel-based superalloys have been widely used in the gas turbine blades for power plants and advanced aircraft engine blades owing to their superior mechanical strength and high-temperature oxidation resistance. The hightemperature oxidation is one of the critical factors to determine the life-span of these alloys. 1) The chemical composition of a nickel-based superalloy is usually complicated, composing of several kinds of solute elements like aluminum, molybdenum, tungsten, chromium tantalum and etc. Some of these solutes such as aluminum and chromium can obviously promote oxidation resistance for the superalloy. Besides chemical effect, it was found that the surface condition of alloy also has an important impact on the structures of oxide films, thereby affecting the oxidation resistances. 24) Extensive researches 514) have confirmed that the deformation on alloys can intensely change structures of their oxide films at high temperatures. Most of these studies focused on the oxidation behaviors under different atmosphere or other external conditions for various alloy systems. However, rather limited works have paid attention to the effects of the deformed surface condition on oxidation behaviors for the superalloy at high temperatures (>1000 K). In the present study, we investigated the oxidation behaviors of oriented deformed surfaces of a single crystal nickel-based superalloy at high temperature.
Experimental Procedures
A second generation Re-containing superalloy (Table 1) was selected in the present investigation. Single crystal rod with [001] orientation were cast by means of crystal selection method in a directionally solidified furnace. Then the obtained single crystal rod was homogenized at temperatures between 1560 and 1590 K to eliminate the elements segregations between dendrites and inter-dendrites, followed by a two-stage aging at 1373 and 1143 K. Square slices with dimension of 10 mm © 10 mm © 1.5 mm were cut from the rod and the cutting faces of the samples were parallel to the [001] direction. In order to induce different surface deformation, the (001) surfaces of the specimens were ground by wheel with a granularity of 100 µm or sprayed in a speed of 200 m/s by alumina particles with a mean particle size of 50 µm, respectively. For comparison, another slice was electro-polished to eliminate the surface deformation induced by cutting. Residual surface stresses of the samples were determined by a standard 2ª ¹ sin 2 ¼ method using an X-ray diffractometer (XRD).
For this two-phase £/£A superalloy, the £A solvus temperature is about 1550 K. When being heated above this temperature, the microstructure of the superalloy changes from £/£A duel phases to single £ phase. So the isothermal oxidation was conducted at 1573 K (£ phase) and 1273 K (£/£A phases) in static air for 5 and 100 h, respectively. Cross sectional morphologies of oxides were examined by scanning electron microscopy with energy dispersive spectroscopy analysis (SEM/EDS, JEOL JSM-6460) and their phase constitutions were analyzed by X-ray diffraction method (XRD, Shimadzu XRD-6000).
Results
The measured residual stresses existed on the surfaces are listed in Table 2 . The electro-polished surface is free of residual stress and residual stresses were ¹901 and ¹635 MPa for the ground and sprayed surfaces, respectively. Moreover, the residual stress of the ground surface after exposure at 1573 K for 0.1 h still remains ¹793 MPa, which is a considerable value. Figure 1 shows the cross-section morphologies of surfaces exposed at 1573 K and 1273 K respectively.
After exposure at 1573 K for 5 h, it is shown that the thickness of the formed oxide scale which contains several intermittent layers on electro-polished surface is about 80 µm ( Fig. 1(a) ). The scale formed on electro-polished surface after 1273 K/100 h exposure was composed of three layers: a loose outer layer containing cracks, a compact inner layer and a thin middle one ( Fig. 1(b) ). The total thickness is measured to be about 8 µm.
The oxide scales formed on the deformed surfaces are quite different. A three-layer oxide was found on the sprayed surface after 1573 K/5 h exposure ( Fig. 1(c) ). After 1273 K/ 100 h exposure, the sprayed surface was covered by a single layer of oxide about 4 µm and some needle-like precipitates were found under the scale ( Fig. 1(d) ). A £A free layer which was caused by the depletion of aluminum can be seen beneath the oxide scale. 15, 16) The oxide scale on the ground surface was thin (2.53 µm) and compact after 1573 K/5 h exposure ( Fig. 1(e) ). Similar scenario was found for the ground samples exposed to 1273 K ( Fig. 1(f ) ), besides the scale was thinner, almost no obvious £A free layer was found. Figure 1 (g) illustrates that an intact oxide layer has also formed on the ground surface shortly after exposure at 1573 K for 0.1 h only.
The isothermal oxidation kinetic at 1273 K for 100 h of each sample showed a parabolic time dependence of growth rate. It can be described by examining the growth-time constants n:
where ¦m is the change in mass, A is the sample surface area, k is the oxidation rate constant, t is the exposure time, and C is a constant. The growth-rate time constant n can be calculated from a slope of a loglog plot for taking logarithms of both sides of eq. (1). Figure 2 shows that the ground surface possesses a lowest n value while the electropolished surfaces got the highest value. The detailed compositions of different kinds of oxide layers formed on the samples after exposure at 1573 and 1273 K were determined by EDS (Table 3 , Fig. 3 ) and XRD (Fig. 4) respectively.
After oxidation at 1573 K, it can be concluded that the oxide scale on electro-polished surface is mainly composed of nickel oxide (NiO) mixed with a few other oxides (such as tantalum oxide (TaO 2 ), spinel (NiAl 2 O 4 ), molybdenum oxide (MoO 3 ), etc.) and some alumina (Al 2 O 3 ). On sprayed surface, the outer and inner oxide layers are alumina while the middle layer contains spinel. For the ground surface where a single intact layer of oxide is found, it is composed of alumina.
After oxidation at 1273 K, the loose outer layer of the scale on the electro-polished surface is nickel oxide, and the compact inner layer is alumina, some chromium slightly enrich in the middle of the scale (a line scan map in Fig. 3 ). The monolayer oxides formed on both sprayed and ground surfaces exposed to 1273 K are alumina.
Discussion
It is obvious that the surface condition can dramatically change the oxide structure on the surface of the single crystal nickel based superalloy. The remarkable differences between the oxide structures formed on electro-polished and deformed surfaces can be attributed to the results of different selective oxidation processes. At both 1573 and 1273 K, the oxide products changes from primary nickel oxide on polished surface to preferential alumina on deformed surface. The Al 2 O 3 layer is more ductile and compact than the NiO layer which cannot prevent further oxidation of matrix at high temperature.
1721)
The critical concentration of an element (Al) is needed for the formation of a continuous preferential external oxide layer. According to the theory of Wagner, 22) the critical solution concentration could be expressed as:
where g * is a factor determined by the volume fraction of oxide, V m and V Al2O3 are the molar volumes of the alloy and alumina respectively, N The deformation induced oxidation has been well known and extensively studied on other alloys.
2325) It is reasonable that the structure of surface of deformed sample is much different from the electro-polished one, and this has a large effect on the diffusivity of solute elements beneath the surface.
Although the microstructures of surfaces of machined samples are highly deformed, no obvious elements' concentrations were found beneath the surfaces just after deformation (Fig. 5 ). But these deformed surfaces contain lots of defects such as vacancies, dislocations, and their lattices are also distorted as well. 26) These defects can give rise to the broadening of XRD diffraction profile of the surfaces. Figure 6 compares the (002) diffraction peak lines of the three surfaces with various conditions respectively. It is obvious that the diffraction profile of ground surface is most seriously broadened, while the profile width of electropolished surface is narrowest and sharpest (note that a small peak at 50.75 deg of electro-polished surface confirms the part diffractive intensity of £ matrix due to the elements segregation of the highly solute superalloy). 23) Furthermore, the obvious offset of the diffraction peak of ground sample caused by the higher residual stress on its surface. Considering no grain boundaries existed, it is evident that both the two deformed surfaces have vast defects compared to the electro-polished one. By short-circuited diffusion of aluminum that induced by these defects, the concentration of aluminum beneath the deformed surface can increase at high temperature. In addition, the existed compressive residual stress can also affect the diffusivity of solute element in an alloy, and some researches have been made on this respect. 2730) J.N.F. Sage 31) considered that compressive stress on a surface can create a volume strain of the matrix and that can offer excess activation energy for accelerating solutes' diffusions. On the other hand, for the deformed samples exposed at 1573 K, some recrystallized grains appeared beneath the surface (Fig. 1 (c) ). The grain boundaries of these recrystallized grains can also give an extra enhancement to the diffusions of solutes as well. All the above reasons decrease the critical Al content needed for the formation of a continuous external alumina layer on a deformed surface. A schematic sketch of oxidation progress is shown in Fig. 7 . On the electro-polished surface, a preferable nickel oxide layer is reasonable at the early stage of exposure at both temperatures (Fig. 7 (a) ). At 1273 K, the growing preferential friable nickel oxide layer cannot prevent the inward diffusion of oxygen, which would react with other atoms (chromium, aluminum, etc.) beneath the nickel oxide layer and caused a chromium-rich middle oxide layer. Since the higher content of aluminum in this alloy gets a higher oxygen affinity than other solutes, the alumina particle can grow close to the matrix. Then the inner alumina layer gradually provides a barrier to the inward diffusion of oxygen as a consequence. Thus, the classical three-layer oxide was established on the electro-polished surface during early transient oxidation stage. After that, the scale growth is slowed down and a stable structure of the alumina scale is formed at 1273 K as shown in Figs. 1(b) and 7 (c) . When it is 
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The Effect of Surface Machining on the High-Temperature Oxidation of a Single Crystal Ni-Based Superalloyexposed at 1573 K, both the diffusion rates of oxygen and aluminum can increase, the initial alternate growths of NiO and Al 2 O 3 are both dominant. It results in an oxide scale delaminated with alumina and nickel oxide alternately. Due to the discrete alumina formation, the whole oxide scale is loose and provides poor resistance to further oxygen diffusion. Ultimately the inward continuous oxidation creates a thick and multilayer oxide structure on the electro-polished surface as shown in Figs. 1(a) and Fig. 7(d) .
The behaviors of oxidation on the ground surfaces are similar at 1573 and 1273 K (Figs. 7 (b) and (e)). The increased diffusion flux of Al beneath the deformed surface offers driving forces for the preferential formations of alumina scales at both temperatures. Thus the alumina layers can form completely, provide the best oxidation-resistance and no other oxides appears beneath the layers with extend of exposure time. Figure 1 (g) also indicates that the protective preferential alumina layer has formed on the ground surface only after a short period of time at 1573 K.
As to the sprayed surfaces, external continuous alumina layers can also be formed after exposure at 1573 and 1273 K (Figs. 1(c) and (d) ). Although the preferential alumina coated on sprayed surfaces, some inner oxidation can still happen. An inner strap with small amounts of spinel detected by X-ray formed beneath the alumina scale on the sprayed surface exposed at 1573 K (Figs. 4(c) ). Some needle-liked inner precipitates can develop under the external scale at 1273 K. It is evident that the alumina oxide scales on the sprayed samples are not stable enough for completely preventing the penetration of oxygen into the matrix. This indicates that the lower diffusivity of Al induced by a lower deformation beneath the sprayed surface compared to the ground surface. Furthermore, the depth of the alumina scale at 1573 K was thicker than that of 1273 K for both electro-polished and machined samples. This might be due to two reasons: First, both oxygen and aluminum can diffuse faster in the oxide scale at higher temperature and it results in a further oxidation on a surface. Second, £A precipitates (Ni 3 Al) were dissolved in the matrix for this £A strengthened alloy at 1573 K, it gives rise to obvious concentration augments of aluminum in the matrix and favors the acceleration of alumina formation.
The deformation on the surface was discussed here to explain the notable difference of oxide structures formed on the oriented surfaces of a single crystal superalloy, but some factors have not been taken into account for simplifying this research. It is well known that the initial surface roughness of matrix could aggravate the oxidation of metals. 3134) But according to the results of experiments on this superalloy, the deformed surfaces exhibit much better oxide-resistances. Thus, the various initial surface roughness induced by different machining may also have positive impact on the preferred formation of alumina which offers better oxygenresistance. Further work should be undertaken for in-depth understanding.
Conclusion
The surface machining can dramatically alter the oxidation behavior on [001] surface of a nickel-based single crystal superalloy at both 1573 and 1273 K. The change of external oxides from nickel oxide on electro-polished surface to alumina on machined surface is the result of the promoted diffusivity of aluminum beneath the deformed surface. Both the sprayed and ground samples formed compact alumina oxide layers and exhibited much better oxidation-resistant properties compared to the electro-polished sample at both 1573 and 1273 K.
